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In 1969 Panyim and Chalkley (1969a) reported the observancs of a minor
histone band which migrated between histone H1 and histone HU in
one-dimensional acid-urea-polyacrylamide gels. The protein (or proteins)

which gave the characteristio eleatrophoetic band was extrasctable by both
perchloric and sulfuric acids, and, most interestingly, it was found only
in memmalian tissues which proliferated slowly or not at all. The amiio
acid mnalysis of the protein isolated from calf lung showed that it was
similar to histone H1 in that it was highly lysine rich and that it did not
contain tryptophan or a'steine. In oontrast to H1, however, it did contain
histidine, and its alanine content was much lower than that of histone H1.
Since the report of Panyim and Chalkley (1969a) many workers have referred
to acid extracted prcteins which migrate like the calf lung protein as
"histone Hi1a" (Marsh and Fitzgerald, 1973) or as "Histone 41°" (Carter and
Chae, 1975).

Despite the potential importance of "histane H1°." only & Jew studies
of H1° appeared during the 1970s, and those studies dealt primuarily with
the relative quantities of H1® in proliferating and nonproliferating
tissues and oultured cells. H1° was cbserved to decrease during
degeneration and regeneration of rat pancreas following a
starvation-ethionine regimen (Marsh and Fitzgerald, 1973, Varricchio et
al., 1977): H1° decreased prior to DNA synthesis, and, following cessation
of DNA synthesis, it gradually increased to pretreatment levels., 4 csimilar
inverse relationship between increased quantities of H1° and DNA synthesis
wat observed during development in rat pancreas (Varriachio, 1977): H1°
was undectable in 15 day embryvs; it increased to 5% of H! at 5 weeks; and
at 8 weeks, it increased to 27/% of histone Hi1. Increased quantities of m°
also have been correlated with ontogeny in certain rat tissues (Medvedev et
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al., 1977) and in bovine liver (Piha and Vialkonen, 1979). Although (1) the
quantity of H1° appears to increase as cells and tissues leave the
proliferating state, and (2) Lea et al. (1974) have observed an inverse
relationship between the quantity of H1° and growth rate in 4 rat
hepatomas, Marks et al. (1975) have found that the amount of H1° varies
greatly from tissue-to-tissue and fram tissue-to-cell line. Hence, in
general, there is no obvious relationship between the relative quantities
of H1° and growth rate between different tissues or different cultured cell
lines.

In addition to changes in the relative amount of histone H1°. Marsh
and Fitzgerald (1973) reported that rat pancreas H1° (H1a) incorporated
radioactive acetate, lysine, phosphate, and methionine; and Medvedev et al.
(1977) showed that methionine is preseut in H1° fram rat liver and rst
Spleen. The detection of methionine in rat H1°. but not in calf lung H1°
(Panyim and Chalkley, 1969m), raised the possibility that rat H1° was a
different protein from calf lung H1? or that the piresence of methionine waa
variable.

Thus far in 1980, Smith and Johns (1980) have reported the amino aaid
analysis and oampcsitica of two H1° fractions fram bovine liver: rehrson
and Cole (1980) have reported the isolation and amino acid snalysis of H1°
fran mouse neuroblastoma cells; and we (D'Anna et al., 1980b) have reported
the isolation of H1° (BEP) from cultured Chinese hamster (line CHO) cells.
In CHO cells, i1° pecames greatly enhanced during treatment with sodium
butyrate (D'Anna et al., 1980a). Besides these reports, there is strong
cirounstantial evidence that Ist. a protein which is enhanoed during
chemical-induced differentiation of Friend erythroleukemia cells (Keppel et

al. 1977; Candido et al. 1978), is related to histone H1°.



In th's paper we shai.! describe some c¢f our results dealing with the
induction. isolation, camposition, and cell-cycle-dependent phosphorylation
of histone H1° (BEP) from CHO calls. Whenever possible, we shall compare
our results with the results of others, and we shall discuss potential
roles of histone H1° and H1° phosphorylation in chromatin struoture and

function.

EXPERIMENTAL PROCEDURES

Cell Growth and Cell Synchrony.

Suspension cultures of Chinese hamster cells (line CHO) were grown and
maintained in suspension cultures as previously described (D'Anna et al.,
19804,b) ., CHO cells for prepurative isolation of histone H1 were grown in
4 L suspension cultures. Unphosphorylated H1° was obtained from cultures
treated with 10 mM sodium butyrate for 24 hr (D'Anna et al., 1980b), and
phosphorylated H1° was obtalned from 4 L suspension cultures synchronously
enriched in metaphase cells (D'Anna et al., 1979). The mitotic fraction of
the metaphase enriched ocultures, determined by phase contrast microscopy,
was typically 65-TVU%.

Ta determine effects of sodiur butyrate upon cell ayecle distribution
and H1°voollular eontent, we treated exponentially growing cultures (1.4 x

5

10” aells mL“) with various ooncentrations of butyrate. After 24 hr, «» U

b 106

cells were removed for cell cycls analysis by flow cytametry (FCM),
and » 1.6 x 108 cells were harvested for isolation of histones.
Experimental prooedures to syachronize cells and monitor H1° and i1
phosphorylations during entry and exit of cells from mitosis have been
described in detail elsewhere (Gurley et al., 1978a; D'Anna et al., 1580b)

and briefly in the text,



To determine phosphate incorporation into H1°. cultures were grown for
several generations in the presence of [H3] lysine (50 uCi/L). Then,
immediately before harvest, the cells were labeled for 1.0 hr with H332Pou
(D'Anna et al., 1980a,b).

Cell-Cycla Analysis.

The distribution of cells in the cell cycle was determined from FCM
(Holm and Cram, 1973). Cells were dispersed by trypsin treatment and,
subsequently, stained with the fluorescent dyes, mithramycin (Crissman, et
al., 1977). The DNA content of each cell was determined fram its
mithramycin fluorescence (Krsemer et al., 1?72). Fractions of cells in G1.
S, and G, plus M were camputed by the mathod of Dean and Jett (1974).

Isoletion and Amino Acid Analyses of H1°.

Histones H1 and H1° were extraated frdn blended CHO cells with 0.83 M
HC10, (PCA) by the first method of Johns (1964) as previously described
(Gurley et al., 1975). A fraction enriched in H1° was isolated by stepe
gradient chromatography on Bio°Rex 70 ion exchange resin (D'Anna et al.,
1980b). H1° fractions, H1% aad H1°b. also were separated by Bio°Rex 70
ion exchange chromatography in which the proteins were eluted with a
shallow gradient of guanidine hydrochloride (8-14%) in 0.10 M phosphate
buffer. Combined fraactions were desslted in G-25 and concentrated by
lyophilization as descoribed previously (D'Anna et al., 1930D).

Anino aaid analyses were performed with a Beclman/Spinco 120B moriified
autanatic analyzer using standard procedures (Spackman et al., 1958).
Hydrolysis was carried out in constant-boliling HCl at 110°¢C for 22 hr in

sealed evacuated tubes.



Electrophoresis.

Electrophoresis of H1° and PCA extracted proteins was performed in 0.5
x 25 em, 5.2% acetic acid-2.5 M urea-15% polyacrylamide gels (Panyim and
Chalkley, 1969b) as previously described (Gurley et al., 1978a). Gels were
stained overnight in 0.2% amido black-30% methanol-9% acetic acid and
destained by diffusion. Densitometer profiles of analytical gels were
measured with a Gilford Model 240 spectrophotometer equipped with a gel
linear transport device and different H1° and H1 bands were resolved
electronically with a Dupont Model 310 curve resolver.

Rad i0~labeled histones were separated by electrophoresis. They were
then analyzed by optical densitametry and by scintillation spectiametry.
After densitometry the gels were cut into 2.2 mm pieces and dissolved
overnight in 1.0 ml 30% hydrogen peroxide (55-60°C). They were counted in
15 ml of Aquasol II or Hydrofluor (D'Anng et al., 1980a).

RESULTS

ﬂl° Enhancement and Cell Cycle Effects Induced by Butyrate

Butyrate treatment greatly increases the proportion of G1 cells in
culture (Rastl and Swetly, 1978; Fcllon and Cox, 1979; D'Anna et al.,
1980a; Prugnell et al., 1980). This can be seen in Fig. 1 where the
peroentages of CHO cells in different phases of the cell cyille are plotted
as functions of butyrate concentration. In those experiments,
exponentially growing cultures were treated for 24 hr with different
concentrations of butyrate, and their cell cycle distributions were
determined by flow cytuometry. The proportion of G1 cells in culture (Fig.
1) increases sharply ss a funotion of butyrate concentration up to about

2.5 mM, above wniah all of the values are within 5% of one another. At



7.5=15 mM there is very little culture growth after 24 hr so that the
cultures are essantially ir a state of G, arrest (D'Annaz et al., 1980a) .
When we examined the perchloric acid-extracted proteins from
butyrate-tr sated cultures in long acid-urea polyacrylamide gels (Fig. 2),
we observed two prominent effects: (1) first, in going from 0-15 mM
butyrate there was a change in the distribution of H1 species whose
eiegtrophoretic mobilities (and other data) indicate a dephosphorylation of
histone H1 (D'Anna et al., 198Ca); and (2) there was an increase in the
relative intensity of a set of bands that migrates in front of histone H1.
Although the electrophoretic mobilities of these bands and their doublet
character (Varricchio et al., 1977) suggested that they were related to

histone H1° (Panyim and Chalkley, 1969) and to protein IP (Keppel et al.,

25
1677, 1979; Candido et al., 1978), we had no proof of the identity of the
bands, so we originally designated them as the butyrate-enhanced protein,
BEP. For reasons cdesignated below, in this manuscript we have designated
them as CHO H1°.

Plots of the percentage of unphosphorylated H1 (D'Anna et al., 1980a)
and the ratio of the integrated intensity of H1° to that of H1 (Fig. 3)
show that bdoth variables increase as a function of butyrate concentration.
Comparison of each variable with the perceantage of ceolls in G1 indicates
that the incressed percentage of unphosphorylated {1 is correlated with an
inoreased proportion of cells in G1: however, there is no direct
correspondence between the increase in the H1°/H1 ratic and the percentage
of cells in G,. Nevertheless, the increased H1°/H1 ratio in the G1
arrested oultures raises a number of questions. (1) Does H1° induction
precede G, arrest so that H1° plays a role in the turn-off of cell

0

proliferation? (2) Is the enhanced synthesis of H1  determined solely by



the point of G1 arrest induced by butyrate trectment? (3) Does butyrate
treatment enhance H1° sSynthesis throughout the cell cyela so that the
enhancement of H1° in G1 cells is seen only because cells become arrested
there?

While we cannot yet answer all of the above questions explicitly, we
have begun to unravel same aspects of the problem. (1) When cells are
arrested 1in G1 by isoleucine deprivatior, the H1°/H1 ratio increases from
0.08 in exponentially growing cultures to 0.15 after 60 hr in isoleucine
deficient medium (J. A. D'Anna et al. unpublished). We, therefore, see a
small increase in H1° which appears to be strictly a cell cycle effect.

(2) In addition, however, butyrate treatment of cells arrested in G, by
isoleucine deprivation causes additional H1° synthesis (J. A. D'Anna et
al., unpublished). For axample, addition of butyrate (15 mM) to cultures
arrested in G1 by isoleucine deprivation (36 hr) causes the H1%/H1 ratio to
increase to 0.37 after 24 hr (D'Anna et al., unpublished). The value of
0.37 1s 2.5 times as large as the ratio of 0.1 measured in the absence of
butyrate (60 hr). (3) When cells are released from iscleucine deprrivation
into fresh F-10 medium containing 15 mM butyrate, the cells,for the most
part (85%), remain in G1 and the H1°/H1 ratio increases to about o.u7. It
appears, therefore, that (a) the point of G1 arrest induced by butyrate is
the same or latar in G1 than arrest induced by isoleucine deprivation, and
(b) cells do not have to pass through S phase in the‘presenéévof hu4yrate to
accunulate in 31. We note that autoradiography in which very high levels
of high specitic activity [3H] thymidine are employed shows that treatment
with butyrate truly arrests cells in G1 and not in early S phase as with
hydroxyurea (Walters et al., 1976). More detailed studies of H1° induction

are in progress. |
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Amino Acid Analysis of CHO H1°; Comparison with H1°s From Other Species

To determine if "CHO H1°" might be the equivalent of ca... lung H1°
(the only H1° whose amino acid composition had been reported), we isolated
the butyrate-enhenced protein by guanidine hydrochloride step gradient
chromatography on Blo-Rex 70 ion exchange resin {D'Anna et al., 1980a).
About 1.1 mg of CHO H1° was purified from 8.8 mg of PCA extracted proteins
from butyrate-treated cultures which typically contain 80-90% G1 cells and
are 4-5 fold enriched in H1°. Further, about 0.17 mg of CHO H1° was
isolaced from 10 mg of PCA-extracted protcins from cultures which were
synchronously enriched (65-70%) in metaphase cells (no butyrate present).

Electrophoresis of 41° from G1-enr1ched and from metaphase-enriched
cultures in sodium do¢decyl sulfate (NaDodSOu) gels gives rise to single
bands of identical electrophoretic mobility (D'Anna et al., 1980b). From
canparison of the electrophoretic mobility of H1° with those of other
histones, we estimate a -olecular weight of 20-22,000 or about 1500 less
than histone H1.

In contrast to single bands in NaDodSOu gels, electrophoresis in 25 om
acid-urea=-polyacrylamide gels shows striking differences between the two
preparations (Fig. 4). H1° from the G1 enriched, butyrate-treated cul*ures
exhibits two major bands as we would expect from Fig. 2; however, H1° from
metaphase-enriched cultures is split into six bands. A pricri, the
multiple bands of H1° from metaphase-snriched cultures may ariss for a
nunber of reasons: (1) H1° from metaphase cells may contain impurities not
extracted from G1 cultures; (2) H1° may be modified during mitosis so that
its electrophoretic mobility is retarded in acid-urea-poly acrylamide gels:
or (3) CHO H1° really may be an H1 degradation product so that the multiple

bands of H1° from metaphase cells are degradation products of



phosphorylated H1. As we shall see, CHO H1° is truly distinct from histone
H1, and it is phosphorylated in a ceil cycls dependent fashion which mimics
that of authetlic histone H1.

In addition to the isolation of whole CHO H1 (D'Anna et al., 1980a),
we recently have separated CHO H1 from G1-enriched (butyrate-treated)
cultures into two fractions by use of guanidine hydrochloride gradient
chranatography on BloeRex 70 ion exchange resin (J. A. D'Anna and R. R.
Beckar, unpublished). The two fractions have been lesignated as H1%a
(slower migrating band in gel 2 of Fig. 4) and H1% (faster migrating band
in gel 2 of Fig. 4) in accordance with the precedent of Smith and Jochns
(1980), and their amino acid analyses are given in Table I. Comparison of
the amino acid analyses of CHO H1° with those of bovine liver H1° (Smith
and Johns, 1980), mouse neuroblastoma H1° (Pehrson and Cole, 1980), and
(Panyim and fChalkley, 1969) 5
calf lung H1TAin Table I indicates that all the H1”s possess common
features which distinguish them fram histcne H1: (1) they contain 10-13%
less alanine than H1; (2) they contain more isoleucine and less leucine
than H1; (3) they rontain more tyrosines and phenylalanines than H1: and
(4) they contain histidine, but H1 does rot.

Examination of the amino aald inalyses in Table I also suggests that
the presence of methionine may be variable in H19 from different species:
the analysis of CHO H1°b exhibits only @ trace of methionine; and calf lung
H1° has none. Although only a trace of methionine is deteoted in the amino
acid analysis of CHO H1°b. cyanogen bramide treatment (Gross and Witkop
1962) and electrophoretioc analysis (Fig. 5) shows that both H1°a and H1%
are oleaved with equal facility. Other experiments (D'Anna et al., 1980b)
have shown that oyanogon bromide cleaves abcut 20 residuss from the H1%s of

both G1-enriohed and metaphase-enriched cultures, but it does not cleave



histone H1. Therefore, cyanogen bromide treatment indicates that: (1)
methionine is truiy present in ooth CHO H1%a and CHO H1%%; (2) H1° cannot
be an H1 degradation product; and (3) H1° from G1—enriched and from
metaphase—-anriched cultures are very likely the same protein.

Phosphate Incorporation into CHO H1°

[32P] Phosphate incorporation into H1° has been measured from
preparative gel eleotrophoresis (D'Anna et al., 1980b), analytical gel
electrophoresis (D'Anna et al., 1980a,b), and BiocRex 70 chramatography
(Gurley et al., 1975; J. A. D'Anna and R. R. Becker, unpublished). Figure

s 32

6 shows examples o P phosphate incorporation into H1° as determined from

long analytical acid-urea-polyacrylamide gel electrophoresis. Although
scme 32P phosphate 1s incorporated 1into H1° and H1 fram cells arrested in
G1 (80-90%) by butyrate treatmunt, the relative phosphate iancorporation is
only about 10% of that measured for exponentialliy growing cultures. In thne

exponentially growing cultures most [32P] phosphate 1s incorporated 1into
bands 3-5 of H1° and in bands 2-5 of histone H1.

In ﬁotaphaso enriched cultures (Fig. 6o), large portions of both H1
and H1° are shifted to positions of lower elesotrophoretic mobility, and the
more sluwly migrating bands are asccompanied by phosphate incorporation.
Since the scale of phosphate incorporation in Fig. 6c 1s orly 1/4 of those
in Fig. 6a and 6b, it is clear that the net phospnate 1ncorporation is much
higher in the metaphase-enriched cultures. Based on these exporiments and
sthers (D'Anna et al., 1980b), we conclude that histone H1° becomes
phosphorylated and that phosphate incorporation retards its electrophoretia
mobility in scid-urea-pol yacrylamide gels.

Further details of H1 phosphate incorporation have been obtained fror

resxamination of the H1 phoaphorylation studies of Gurley ot al. (1975).
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In those experiments, Bio*Rex 70 chromatography was used to examine
phosphate incorporation into the PCA-extracted proteins from synchroni zed
CHO cells. Comparison of the Bio*Rex 70 chromatograms of Gurley et al.
(1975) with more recent data (J. A. D'Anna and R. R. Becker, unpublished)
indicates that the fractions originally designated as H1(III) and H1(IV)
are really the respective H1° fraotions H1°a and H1°b. The phosphate
incorporation studies of Gurley et al. (1975) confirm our results from
analytical and preparative gel electrophoresis (D'Anna, 1980a,b), and they
add several pieces of additional information. (1) Little or no phosphate
i3 incorporated into H1%a or H1% 1in cultures arrested in G1 by ilsoleucine
deprivation; this result is the same as we observed for cells arrested in
G, by treatment with butyrate. (2) Both H1% and H1° incorporate [32PJ
phosphate foilowing release from G1 arreat (isoleucine doficient medium);
hence, it appears that the phosphorylation of H:% and H1°b. like
phosphorylation of H1(I) and H1(II), begins in late 01 prior to DNA
synthesis and inoreases throughout interphase. (3) Both H1°a and H1% are
phosphorylated at similar rates, and the fracticns of H1% and H1°b which
beccme phosphorylated are similar to one another but samewhat less than
those of H1(I) and H1(II): (1) when synohronized cultures are released
from G,-arrest, sbout 10-15% of H1% and H1%v [15-18% of H1(I) and H1(ID)]
become phosphorylated just prior to the appesrance of 8 phase cells in

oulture:; (2) by 8 hr xfter release from G, arrest, when 50% of the cells

1
are in S phase, 30-35% of H1%a and H1% (50-60% of H1(I) and H1(II)] become
phosphorylated.

H1° Phosphorylation During Entry and Exit from Mitosis

Because of the similarities between H1° and H1 phosphate

incorporation, we wondered if the details of H1° phoasphorylation during
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entry and exit of cells from mitosis were the same as those of histone H1.
Previous studies fram our laboratory (Gurley et al., 1978a) have shown that
by late interphase 55-60% of all H1 molecules become phosphorylated at 1-3
sites. During mitosis all H1 molecules became "superphosphorylated” at U4-=§
Sites per molecule, and the superphosphorylation is restrioted to those
stages of mitosis—prophase, metaphase, and anaphase--where chranosames are
maximally condensed.

To coupare changes in H1° phoaphorylation with changes in chromatin
structure, we examined electron micrographs and unpublished regions of
desitometer profiles whioh previously had been used to study H1
phosphc-ylation (Gurlcy et al., 137Ra). For studies involving entry into
mitosls, cells were synchronized near the G1/8 boundary by sequential use
of isoleucine deprivation and hydroxyurea blockade. They were then
released into drug free medium, and, four hours later, Coloemid was added
to arreast the aells in metaphase.

Cells having 4 types of ohromatin structures were observed by electron
microscopy (Gurley et al., 1973a): (1) qells having small amounts of
heterochromatin located nesr the periphery of the nucleus (interphase
aells), (2) cells having many loei of heterochramatin interspersed
throughotut the nucleus (preprophuse acells), (3) cells having fully
condensed chramoscames within an intaot nuclear membrane (prophase oells),
and (4) cells having fully condensed chromosomes free in the aoytoplasm
(metaphase cells). These chramatin struatures and changes in their
distribution have been reported (Gurley et al., 1978a) and will not be
reproduced here. For our purposes, the feature ¢f i{nterest froam those dats
is that prophase anu metaphase oells do not appeur until 7 hr after release

from hydroxyurea bloskade.
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Figure 7 shows examples of densitometer profiles of H1° from long
agld-urea-pol yacrylamide gels following releass fram hydroxyurea blockade.
During the early part of the experiment, H1° is found almost exclusively in
bands 1-4; however, at 7.0-=7.5 hr, H1° begina to appear in bands 5-7 as
well, and the proportion of H1° in those bands continues to inorease with
time. To determine if the appearance of H1® in yends S=7, like H1
superphosphorylation, was correlated with chromosomal ocondensation (Gurley
et al., 1978a), the percentage o total H1° in bands 5-7 (H1:) was plottad
as a funotion of time after release fi'om hydroxyurea blockade (Fig. 8). On
the same figure, we plotted the percentages of superphosphorylated H1 (H1M)
and the percentages of cells in prophase plus metaphase. The agreement
between all three sets of data indicates that phosphorylation of H1° to H1:
is temporally correlataed with H1 superphosphorylation and with chromosomsl
ocondensation.

To examine H1° phosphorylstion during exit from mitosis, aells were
symchronized by mitotic selection in the absence of Coloemid (Gurley et
8l., 1978a). Call cyole traverse was then monitored at various times after
mitotioc seleotion by elwctron miorosscopy, and the extant of H1°
phosphorylation was determined from analysis of long
scid-ureas-pol yaorylamide gels.

Eleotron mioroscopy reveals four types of chromatin istructures during
exit froam mitoasis: (1) ocells having fully condensed ochromosames free in
the oytoplasm (metaphase and anaphase cells), (2) cells having partially
unraveled ochromoscomes in aontact with or fully surrounded by nuclear
menbrane (early telophase cells), (3) cells having dense patches of
heteroohramatin in the nuocleus but no chramosames (late telophase cells),

and (4) tpiocal interphase cells. FExamples of these chromatin struotures
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and changes in their distribution during exit from mitosis also have been
reported (Gurley et al., 1978a). We notea that, by 30 minutes after mitotic
sslection, more than 90% of the cells have progressed from metaphase and
anaphase to telophase and G1.

Figure 9 shows examples of the H1° densitometer profiles at various
times after mitotic selestion. H1” in bands 5-7 (H1,) beaames shifted baci
to tand poasitions 1-4. Plota of HT:, H1H, and the percentage of cells in
metaphase plus anaphase as funotions of time after mitotic selection (Fig.
10) also exhibit good agreement. We therefore conclude that the presercs
of Hl: is correlated with H1 superphosphorylation and with the presence of
full y condensad chromoasomes during metaphase and anaphase. It follows that
a3 cells exit fram mitosis, H1:. like H1H. beccmes dephosphorylated near
the anaphase/telophase transition.

If we assume that the acquisition of n phosphate groups will retard
the electrophoretic mobility of an H1° molecule by n bamdi positions in Fig.
7 and 9 (see Chalkley et al., 1974; D'Anna at al., 1980b), then, by use of
the profile of unphosphorylated 41° from G1 cells as a reference (Fig. 9),
we can estimate the extent of H1° phosphorylation in late interp ase and
during mitosis.

As qells approwch mitosis (late interphase), phosphorylation of 30-35%

of 111°% and of H1% (bandas 2 and 3 in the G, profile of Fig. 9) at one site

1
per moleaule or the phosphorylation of 30% of H1°b (band 2 in the G

1
profile of Fig. 9) at two sites per molecule would account for the pattern
seen at 6 hours after relesse from hydroxyurea blookade (Fig. 7).

Beosuse it has been shown tlat H1°a and H1% beccme phoaphorylated at
similer rstes (Gurley et al., 197%5; J. A. D'Anna and R. R. Becker,

unpublished), we conalude that by late interphase 30-35%, each, of the H1 %4
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and H1°b molecules become phosphorylated so that trey contain one phosphate
per moleculs.

Comparison of the electrophoretioc pattern of H1° from cells arrestad
in G1 with the pattern of H1° fram cells mitotically selected in the
presence of Colecemid (Fig. 9) indicates that most H1° {s shifted from bands
positions 2 and 3 in G71 to band positions 6 and 7 in metaphase-enriched

cultures. We, therefore, estimate that during mitosis all H1° molecules

became phosphorylated so that they contain U phosphates per molacule.

DISCUSSION

H_1° Composition and Function.

Comparison of the amino acid analynes of "H1%" from CHO cells, bovine
liver. neuroblastama cells, and calf lung indicates that they ell have a
similar composition whioh distinguishes them from histone H1., Thus far,
methionine has been detected in all nammalian H1°s except H1° fram oalf
lung. We have seen, howaver, that methionine appeared only in trsce
quantities in the mmino acid analysis of CHO H1°. In this regard (t is
possible that methionine also is present in calf lung H1°. but it became
oxidized during repeated chramatography of purification (Panyim and
Chalkley, 1969a) or during hydrolysis for amino soid analysis.

Two H1° fractions, H1%a and H1%, have been isolated from
but yrate-treated (Gj-\arrostod) CHO cells and from bovine liver (Smith and
Johns, 1980). H1% and H1% from these two sources have essentially the
same amino a0id composition; they possess the same eleatrophoretioc mobility

in NaDod8O, gels; and they are both cleaved by cyanogen bramide. H1°a and

y
H1%b are, nevertheless, separable by chromatography on BiosRex 70 ion

exchange resin and by electrophoresis in long aocid-ureas-polysorylamide
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gels, so that the two fractiouns appear to differ by the equivalent of one
charge unit in 5% acetic acid (D'Anna et al., 1980b).

Presently, the difference(s) batween H1°a and H1°b fractions has not
been resolved. It is known, however, that: (1) both H1%a and H1% are
unphosphorylated in butyrate-trected CHO cells; (2) both i11°a and H1°b from

bovine liver are blocked in their NH.-terminal end (Smith and John, 1980);

2
and (3) neither H1°a nor H1°b from bovine liver appears to contain
diphosphoriboayl moities (Smith and Johns, 1980). Although, tryptic
peptide maps of bovine H1°l and H1°b exhibit only minor differsnces (Smith
and Johns, 1980; the sxistence of two H1° fractions (exoluding
phospohorylation) raises the posaibility that there exist at lesast two
subsets ¢f chramatin structures involving H1°.

Vary recently, Smith et al. (1980) have reported the partial sequence
of 20 amino acids of bovine liver H1% beginning at methionine, which they
estimate is located »3C residues from the NHz-torminll end. Comparison of
the partial sequence of H1% with residues 32-52 in chinken HS and residues
Us-65 in bovine H1 shows homology between 12 residues of E1°a and chicken
HS, but cnly 7 between H1% and bovine H1. (There 13 also hamology between
7 of the 20 reaiduss in ohicken HS and bovine H1). Although HS and H1o
differ significantly in lysine and arginine content, sequence studies and
trends in HS composition betwsen birds, fish, and reptiles have led Smith
et al., (198(9*:0 suggest that "Avian HS and mammalian H1° possibly represant
two extremes of a family of proteins which share similar structures in
their central regions.”

We note that similarities in the properties between CHO H1° and IP25
led us to speculate that CHO H1° and IP25 might be equivalent proteins

(D'Anna et al., 1980b). Recent information, however, ina:cates that this
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is not the case. While H1o and IP25 may ultimately be shown to belong to

the same family of proteins, tlie amino acid analysis of IP25 (R. Reeves,

personal communication) shows that IP contains 13.5 mnle 2 alanine, 3.3
21.4 mole % lyaing5

mole Z. arginine, but only a ., indicating that it's campositicn is

intermediate between those of H1 and HS.

There 1s only limited information regarding H1° enhancement ; however,
the avallable data indicate that synthesis of H1°. like synthesi. .f HS (Appels
and Wells, 1970; Ruiz-Carrillo et al., 1976) and HMG proteins (Kuehl, 1979),
can ococwr in the absence of DNA synthesis. As noted in the introduetion,
studies of H1° levels during pancreas regeneration (Marsh and Fitzgerald,
1973) indicate that H1° does not begin to return to pretreatment lavels
until after DNA synthesis has ceased. Our own data indicate that H1° can

be greatly enhanced in G, when cells arrasted in G1 are treated with

1
butyrate or when cells are released fram isoleucine deprivation (G1 arrest)
into 15 mM butyrate (whare they remain blooked at the same or a later point
in G1). Therefore, it is aclear that H1° synthesis can ocour in G1-arrosted
cells.

Other recent raeports indicate that: (1) H1° becomes enhanced in
temperature sensitive mutants of Balb/(-3T3 cells grown at their
nonpermissive temperature where DNA synthesis is blooked (Naha and
Sorrentino, 1980); (2) H1° beccmes enhanoed in mouse neurcblastoma aells
grown in the absenoce of serum and in "denaity inhibited" Hela cells
(Pehrson and Cole, 1980); and (3) "H1°" (more likely IP25) synthesis
oontinues unabated when Friend cells are \.-eated 15 minutes with
hydroxyurea (Zlatanova, 1980).

We do not as yet know whethar: (1) H1° evnthesis normally ococurs in G

1
of proliferating oells or in other phases of the cell oyole as well; (2)
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H1° can be enhanced in S, G2 or M by treatment by butyrate; or (3) there
are modulatiois in the nallilar content of H1° during the cell cycle of
untreuted cultures,

The inverse relationship betwesn H1° coutent and DNA synthesis (and
cell division) has led to & number of hypotheses by which changes in H1°
content might be directly related to ahanges chromatin structure and
function. (1) Marsh and Fivzgerald (1973) have suggested H1° may serve a
repreasor function and that its removal or deocrease may be a nacessary
prelude te the onset of CNA synthesis. (2) Varriachio (1977) has suggested
that H1° may bé involved in scre rinal condenszation of chromatin. (3)
Keppal et al. (1979} have suggested that the protein IP25 may play a role
aither in the sjocondary st.ucturs of ohromatin or in the turnoff of genes
not required for the final post-replicacive stages of erythroid
differentiation, The sucond hypothesis of Kuppel et al. (1979) might be
brosdened to apply to differentiatior in general and to the maintenance of
G1 arrest, While all of these hypotheses are plausible, aventual detailed
explanations must also account for the great veriabllity of H1° content in
proliferating, as well as, nonproliferating cells (Marks et al., 1975).

Currently, little 1is known sbout the molecular properties of H1° and
{ts intersotiond in ohromatin. Ts the conformation of H1° in solution
similar to the nose-head-tail models of H1 and HS (Hartman et al., 1977
Aviles et al., 1978)7 Is H1°, like H! and HS, located on the outside of
the 140 DNA base pair-inner hZstone core of nualeoscmes (see Simpson,
1978)7 Does H1°. like H1 and H5, preferantially bind to superhelical DNA
(Vogel and Singer, 1975; Bina=-Stein et al., 1976)7? Does H1° al 30 cause
compaation of oligonualaosomes into solenoid-like structures (Finech and

XKlug, 1976)? 3ince the pariial sequence of H1° suggests that it 1s a
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homolog of H5, which itself is regarded as a variant of H1 (Yaguchi et al.,
1979; Isenberg, 1979), we would expect the answer of all these questions %o
be "yes." Thus far, Keppel ot al. (1979) have reported that IPZS‘ like i1
and HS, is attached primarily to internucleosamal spacer DNA. IP25 does
not appear, howaver, to be located ‘n transeriptionally aactive regions of
chramatin. Answers to these questions for the closely related H1%s of
Table I have not been reported.

ﬂl? Phosphorylation,

19133
Qur studies (D'Anna e_ta_l.. 1980a,b; Gurley et a_l.Athis communication)

indicate that histone H1° 1s phosrhorylated in a cell cycle dependent
fashion. When cells are arrestad 1in G1 by isoleucine deprivation or by
treatment with butyrate, little or no phosphate is incorporated into H17,
A3 cells are relessed from G1 arrest, H1° becomes phosphorylated in late
G1. and phoaphorylation continues throughout S and G2. By late interphasae,
30-35% of the H1%a and H1%b molecules become phosphorylated so that they
contain an estimated nne phosphate per moloculo.'

As cells enter mitosis, all H1° molecules beoano'highly phosphorylated
30 that they contain an estimated four phophates per molecule (H1M); the
ogeurence of H1M 13 temporally correlated with chromosomal condensation at
prophase, metaphase, and snaphase., As cells exit fram mitosis H1° is
rapidly dephosphorylated near the anaphase/tslophase boundary.

Temporally, the cell aycle dependent phosphorylations of CHO H1° are
identical to those of histone H1, however, we do not know (1) the sites of
H1° phosphorylation; (2) the amino acids which are phosphorylated, nor (3)
the regional locations of phoaphorylation in H1°. In CHO H1,
phosphorylations in different parts of the molecule can be ocorrelated with

distinet phases of the cell oyols (Hohmann, 1978: Gurley, (978a,b). In
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late G1, following release from G1 arrest, a portion of the H1 molecules
became phosphorylated at a serine located in the COOH-terminal part
(relative to tyrosine 73) of the molecule. As cells enter 3 phase, H1
beccmes phosphorylated at two additional sites in the CCOH-terminal part 30
that by late interphase 35-60% of the H1 molecules contain 1-3 phosphates,.
During mitosis, all H1 molalcules became phosphorylated at additional sites
which involve serine and threonine in both their NH2-‘EQQ COOH- terminal
parts.

Qur only information pertaining to the location of phosphorylation in

0

H1” 1involves phosphorylation during mitosis (H1°H). Previous cyanogen

bromide cleavage experiments (D'Anna 23135.. 1980b) indicate that most or

all of the U4 phosphates of H1, are located in the large fragment which

M
remains after cleavage of approximately 2C rasidues. Since Smith et al.
(1980) find methionine in the NHz-terminal end of bovine liver H1°, we

estimate that at least 3, and possibly all 4, of the phosphates of H1,, are

M
located in the large fragment which begins at methionine (residue 20-30)
and continues to the COOH-terminus of H1°.

We note that Marsh and Fitzgerald (1973) have measured acetate
incorporation into rat panacreas H1°. In experiments designed to monitor
acetats incorporation into the inner histones (D'Anna et al., 1980a), we
observed little or no scetate incorporation into H1° (J. A. D'Anna at al.,
unpublished observations). The levels observed were much less than those
measured for modifiec speaies of inner histones, and, at most, the levels
were similar to those observed for histone H1 whose NHz-tanminal 1s blocked
by an acetvl group which does not turn over (Dixon et Ei" 1977). Since
the NHz-tenminll of H1° is blocked (Smith and Johns, 1980), it also may be
blocked by an acetyl group that does not turn over. On the other hand, {f
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acetate is incorporated into H1O in such a way that it can turn over, then
our estimates of H1° phoqphorylation will be high. Those estimates would
then become, in fact, estimates of total modifications whicin alter H1°
charge.

Temporal correlations of H1 phosphorylations with the cell cycle have
led to suggestions that H1 phosphorylation may play a role in initiation of
cell proliferation, DNA synthesis, separation of newly synthesized daughter
chramosames during the cell cycle, and chromosomal condemsation (see Marks

199%
..A1978a. b: Holmann, 1978; Matthews and

et al., 1973; . Gurley et al
Bradbury, 1978; D'Anna et al., "~ '79 for exteasive lists of references).
Since histone H1° appears to be a variant of the H1 class of proteins, and
since it 1ia phosphorylated in a cell cycle dependent fashion which mimics
that of histone H1, it seems resasonable to postulate that the
phosphorylations of H1 and H1° serve the same functions (whatever that may
be) in chromatin.

A number of mechanisms have been suggested by which H1 phosphorylation
might alter chramatin structure: (1) H1 phosphorylation may induce changes
in H1 cunformation which could alter the orientation of nucleosomes and
higher orders of chromatin structure; (2) phosphorylation may induce H1:H1
interactions which could effect chromosomal condensation; (3) H1
phosphorylation may alter H1 interaction with DNA to cause (a) aampaction
of chromatin or (b) localized changes in accessibility to DNA; (4) H1
phosphorylation may modulate interaction of H?7 with other chromosamal
proteins (see Gurley at al., 1978a, b, Holmann, 1978; Matthews and Bradbury,
1978 and D'Anna et al. 1979 for references).

Of several physical studies employing phosphorylated histone H1 (see

Matthews and Bradbury, 1978; D'Anna et al., 1979; Hoffmuan et al., 1980

21



for references) we are aware of only 3 Wwhich have employed H1
phosphorylated in vivo fram synchroninzed culture or H1 phosphorylated in
vitro by a "growth associated” kinase whose H1 phosphorylation sites also
have been detected in vivo (Langan, 1973). One of these studies (D'Anna et
al., 1979) indicates that: (1) phosphorylation does not affect the
sensicivity of H1 foldl.g or the net 2econdary structure of the folded H1
moleculs in solution; (2) it does not induce H1-H1 interaction in solution;
and (3) it does not greatly affect the sedirsntation properties of
Hi-superhelical DNA complexes in solution. Phosphorylation, however, does
(D'Appa et al., 1979)
affect (°) tiie circular dichroism of Hi-superhelial DNA complexes o; (2) the
axtent o1 H1 binding tq sup:rhelical DN at low lonic strength (Singer and
Singer, 1978) and (3) the turbidity of P.-~lin~ar DNA camplexes (Matthews
and Bradbwry, 1978).

Al though the model stidies focus attention upon the ability of H1
phosphorylation to alter 41-DN\ interactions, the molecular effacts of H1
phosphorylation in chromatin -emain unresol..d. Port of the difficulty has
been technical. For example, most H1 molecules become asnhosphorylated
during the isolation o¢ chromatin and chromozcmes (see Gurley et al., 1981),
therefore, it has not been possible to compare the properties of fully
phosphorylated chromatin or chromatin schunits with those of their
unphosphorylated counterparts, Recent reports (e.g. Simpson, 1978;
Stritling, 1979; Hoffman et al., '980), however, suggest that it may be
possible to replace unphosphorylated H1 with pnosphorylated d1 in
oligonucleosomes, nuoleosomes, and chromatosomes. Hence, in the near

future, we articipate significant advarnces in this area.
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TABLE I

An%no Acid Analy=es of CHC Hgoa and H1%: gomparison with bovine H1%a and
H1'b, mouse neuroblastoma H1 , calf lung H1 and CHO histone H1(I).

cHg  CHQ B. Liger® B, Liver® M. N.°  C. Lung® CHO

Hl'a H1™d H1"a H1'Dd H1"_ __H1° __ HI(I)
Asx 3.9 4,6 3.3 3.2 3.9 3.3 2.2
Thr 5.9 5.7 6.7 6.6 5.4 7.7 5.3
Ser 7.6 8.1 9.3 9.4 9.1 8.5 7.0
Glx 4.9 5.9 5.4 5.3 6.1 4.2 3.6
Pro 9.7 7.7 7.8 7.2 8.2 9.4 9.4
Gly 3.5 5.6 4.4 4.0 4.3 4.3 6.6
Ala 14,0 14,1 14,2 13.6 16.6 16.8 27.0
Cys 0.0 0.0 0.0 0.0 0.0 0.0 0.0
val 5.5 5.5 5.7 5.7 6.5 5.2 5.6
Met 0.3  trace 0.4 0.4 0.7 0.0 0.0
Ile 2.9 3.1 2.6 2.5 2.4 1.9 1.0
Leu 2.0 2.5 2.3 2.0 2.1 2.1 4.5
Tyr 1.3 1.2 1.3 1.5 0.8 1.1 0.6
Phe 0.9 1.4 1.2 1.3 0.9 0.9 0.6
Lys 32.6  29.9 31.1 32.7 28.8 31.1 24,5
HLs 1.5 1.0 1.0 1.0 0.5 0.6 0.0
Arg 3.4 3.8 3.1 3.2 3.3 2.6 2.2

%Bovine liver (Smith and Johns, 1980)
bMouao neuroblastoma (Pehrson and Cole, 1980)

SCalf iung (Panyim and Chalkley, 1969a)
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

FIGURE LEGENDS

Cell-cycle analysis of CHO cultures treated for 24 hr with various
concentrations of sodium butyrate. Percentage of cells in 61
(@ ), percentage of cells in S ( @ ), and percentage of cells in

Gz +M ( A) were determinzd by FCM.

Electrophoresis (long acid-urea-polyacrylamide gels) of the PCAe
extracted proteins from cultures grown for 24 hr in the presence
of different concentrations of sodium butyrate. From left to
right, the concentration of butyrate is 0, 1.0, 2.5, 5.0, 7.5, 10.0
and 15 mM. The marker bands (M) are calf thymus histone H1 which

was loaded 4 hr prior to the CHO PCA extract.

Percentage of unphosphorylated H1( @ ), the ratio of the
integrated absorbance of H1° to HI( ® ), and the percentage of
cells in G1 (©) plotted as functions of butyrats concentration.
The percentages of cells in G1 were determined from FCM analyses
at the time of harvest (see Fig. 1). Lines are drawn through the

percentages of unphosphorylated H1 and the ratio, H19/7H1,

Long acid-urea-polyacrylamide gel electrophoresis of whole H1°
purified by Blo°Rex 70 chromatography (D'Anna et al., 1980b): (1)
major PCA-extracted proteins from G1-enriched. butyrate-treated
cultures; (2) purified H1® from G,-enriched, butyrate-treated

cultures; (3) major PCA-extracted proteins from metaphase-enriched
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Fig. 5.

Fig. 6.

Fig. 7.

cultures; (4) purified H1° from metaphase-enriched cultures,

Direction of protein migration lg from top to bottom of gels.

long acid-urea-polyacrylamide gel electraphoresis of H1%a and H1%
(1) before and (2) after cleavage with cyanogen bramide.

Direction of protein migration is from top to bottom.

32, _pnosphate incorporation ( & ) into H1° and H1, determined from
electrophoresis in long (0.5 x 25 cm) acid-urea-polyacrylamide
gels: (a) the major PCA-extracted proteins from butyrate-treated
(80-90% G1) cultures; (b) the major PCA-extracted proteins from
exponentially growing cultures; (c) the major PCA-extracted
proteins from cultures synchronously-enriched in metaphase cells.
All cultures were labeled with 3H-lysine (@) for several

generations and then labeled for 1 hr with H,ooPO, before harvest.

3
The direction of migration is from left to right. Numbers on the

abscissa simply identify bands for comparison.

Densitcmeter profiles from long acid-urea-polyacrylamide gels of
H1° isolated from cells at various times after release from
hydroxyurea blockage. M refers to H1° extracted from a culture
enriched (90%) in metaphase cells by mitotic selection in the
presence of Colcemid. Direction of migration is from left to
right. Numbers on the abscissa imply identify bands for
acmparison. (Reprinted from D'Anna et al., 1980b, with permission

of Blochermistry.)
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Fig. 8. Correlation of H1° mitotie phosphorylation (@ .H1°‘) with H1
14

Fig. 9.

Fig.

10.

mitotic phosphorylation (A.HTM). and chromosomal condensation
during entrance of cells into mitosis., The percentage of H1y and
the percentage of cells in prcprase plus metaphase ( Q ) are taken
from Fig. 6 of Gurley et al. (1978a). The line is drawn through

the percentage of cells in prophase plus metaphase.

Densitometer profiles from long (0.5 x 25 cm) electrophoretic gels
of H1° 1solated from cells at various times after mitotis
selaction. M refers to H1° extracted from a culture enriched
(90%) in metaphase cells by mitotic selection in the presence of
Colcemid. G, refers to H1° extracted from a culture arrested in
01 by isoleucine deprivation. Direction of migration is from left
to right. Numbers in the abscissa simply identify Lands for
comparison. (Reprinted frem LC'Anna et al., 1980b with permission

from Biochemistry.)

Correlation of the dephosphorylation of H1°M (® ) with the
dephosphorylation of H1y, ( A ) and the exit of cells from
anaphase. The percentage of 1*11M and the percentage of cells in
metaphase plus anaphase ( O ) are taken from Figure 12 of Gurley
et al. (1978a). Since each cell in metaphase and anaphase gives
rise to two cells in telophase and G,, the number of cells in
telophase and CB1 was divided by two to correct the percentage of
cells to a common mass basis with metaphase and anaphase cells,
The line iy drawn through the percentage of cells in metaphase

plus anaphase.
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